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Some classes of stars, including supernovae and novae, undergo explosive 
outbursts that eject stellar material into space. In 2002, the previously unknown 
variable star V838 Monocerotis brightened suddenly by a factor of '^^10^. Unlike 
a supernova or nova, V838 Mon did not explosively eject its outer layers; rather, 
it simply expanded to become a cool supergiant with a moderate-velocity 
stellar wind. Superluminal light echoes were discovered^'^ as light from the 
outburst propagated into surrounding, pre-existing circumstellar dust. Here 
we report high-resolution imaging and polarimetry of the light echoes, which 
allow us to set direct geometric distance limits to the object. At a distance of 
>6 kpc, V838 Mon at its mcLximum brightness was temporarily the brightest 
stair in the Milky Way. The presence of the circumstellar dust implies that 
previous eruptions have occurred, and spectra show it to be a binary system. 
When combined with the high luminosity and unusual outburst behavior, 
these chciracteristics indicate that V838 Mon represents a hitherto unknown 
type of stellair outburst, for which we have no completely satisfactory physical 
explanation. 

Light echoes around an outbursting star appear after the eruption, the illumination 
being delayed by the longer path length from the star to the surrounding dust and then 
to the Earth, as compared with the light from the outburst itself traveling directly to the 
Earth. In the case of an instantaneous light pulse, the geometry of a light echo is simple^"^: 
the illuminated dust lies on the paraboloid given by z — x^/2ct — ct/2, where x is the 
projected distance from the star in the plane of the sky, z is the distance from this plane 
along the line of sight toward the Earth, c is the speed of light, and t is the time since the 
outburst. Light echoes are rare, having been observed only around a few classical novae in 
our own Galaxy^'^'^^, and around several extragalactic supernovae^^ . With the exception of 
SN 1987A^^, these echoes arose from interstellar dust or gas in the line of sight, rather than 
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from true circumstellar material. 

V838 Mon erupted in early 2002 January^^. Fig. 1 shows the light curve of the outburst 
in linear flux units, from ground-based observations in three different wavelength bands: 
blue {B), visual {V), and near- infrared (/). This light curve — with a weak precursor 
brightening, a sharp, bright blue peak, followed by a decline and then two further broad 
and much redder peaks — is unlike that of a supernova, nova, or any other known type of 
variable star. Spectra reported in numerous lA U Circulars showed a very cool photosphere 
throughout the outburst. Toward the end of the outburst, and during the decline, the star 
became extremely red. Recent spectra^°~^^, taken after the decline, show that a hot B-type 
star is also present, along with the cool outbursting object. 

We have obtained Hubble Space Telescope {HST) observations of the light echoes 
surrounding V838 Mon with the Advanced Camera for Surveys (ACS) at the four epochs 
hsted in Table 1. Fig. 2 shows the ACS images. Only the B filter was used at the first 
epoch, but for the others we obtained three-color {BVI) frames, and have used these 
to make renditions that approximate true color. The nebulosity exhibits a wealth of 
subarcsecond cirrus-like structure, but is dominated (especially at the first two epochs) by 
a remarkable series of nearly circular arcs and rings, centered on the variable star. The 
exact linear size of the illuminated dust envelope depends on the distance to the object, but 
based on the distance limits given below, the visible material is confined to less than 2 pc 
from the star and is thus circumstellar, rather than being ambient interstellar medium. The 
cavity centered on the star, e.g. in Figs. 2a and 2b, along with several features that appear 
aligned toward the star, also estabhsh the circumstellar nature of the echoes. 

As shown in Fig. 1, the outburst light curve had the simplest structure in B — a 
bright, relatively short peak on February 6, and a second, weaker peak about 32 days 
later — making the S-band light echoes most amenable to geometric analysis. If we assume 
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the simplest geometry, which is a series of nested spherical dust shells centered on the star 
and intersecting the expanding light paraboloids, then it can be shown that the apparent 
expansion rate of a ring is given by dx/dt = (rc — (?t){2rct — cH'^)~^^'^, where r is the radius 
of the ring measured from the star. Thus the time behavior of these rings in angular units 
provides a direct geometric distance to the object. The pair of images taken only 20.8 days 
apart, on April 30 and May 20, is the most suitable for such a measurement, since the same 
rings can be identified unambiguously in both images. The expansion rates are plotted 
against the mean angular radii of each ring in Fig. 3. Overlaid on the plot are the expansion 
rates calculated from the above equation, for ages of 62 and 93 days, which are the elapsed 
times between the first and second -B-band light-curve peaks and the mean epoch of the two 
images. It can be seen that the measured points fall into two families, plotted for clarity 
as filled and open circles. The filled circles satisfactorily follow the expected behavior if 
the corresponding echo rings are illuminated by the first light-curve peak, while the open 
circles appear to represent rings illuminated by the second peak. In strong confirmation of 
this interpretation, we find that the filled circles all refer to the blue rings seen clearly in 
Fig. 2b, while the open circles all correspond to the trailing, red-edged rings. 

Fig. 3 does show significant scatter, probably arising from departures of the actual 
circumstellar structures from the simple adopted spherical geometry. For plausible 
non-spherical geometries, measures made over several azimuths will still average to a result 
close to the true distance. Thus, barring a very unusual morphology, the figure implies that 
the distance to V838 Mon must certainly be greater than 2 kpc, and probably significantly 
greater. Since the predicted expansion rates approach an asymptotic limit with increasing 
distance, we cannot make a stronger statement at present. However, because the relations 
for various distances diverge with increasing time, continued high-resolution imaging will 
eventually yield a very precise distance. 
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A second, independent geometrical method for determining the distance comes from 
polarimetry^. Since maximum hnear polarization occurs for 90° scattering, there will be 
highly polarized light at a linear radius ct, whose angular radius would thus yield the 
distance — but of course only if there actually is dust at that radius and at the same distance 
from us as the star. Our most recent polarimetric HST image, obtained on 2002 September 
2, shows very high polarization (~50%), but only at the inner rim of the cavity at the lower 
left (southeast) of the star. Thus, at present, we can only set a lower limit to the distance, 
by equating the radius at this rim, ~5'/0, to ct, where t is now the time since the second 
hght-curve peak. This lower limit is ~6 kpc. Future observations will provide a definitive 
distance from this method as well, once the light-echo paraboloid enlarges enough to allow 
us to illuminate close-in material behind as well as in front of the star. At that time, we 
expect to see maximum polarization in a ring^, rather than right at the inner edge of the 
rim. 

For a distance of at least 6 kpc (and interstellar reddening of E{B — y) ~ 0.8^^'^^), the 
absolute magnitude of V838 Mon at maximum was at least My = —9.6, making it more 
luminous than a classical nova, and temporarily the brightest star in the Milky Way. The 
light curve, spectroscopic behavior, and high luminosity of V838 Mon are reminiscent of 
"M31 RV," a luminous red variable star that appeared in the Andromeda galaxy in the late 
1980's^''. M31 RV reached an absolute visual magnitude at least as bright as My = —9.3^^, 
but unfortunately was not well studied before it dechned below detectabihty. V838 Mon and 
M31 RV (along with, possibly, the Galactic object V4332 Sagittarii^^) appear to represent 
a new type of outburst in which a star expands rapidly to supcrgiant dimensions'^, but 
without either the catastrophic envelope loss or the evolution to high temperature seen in 
classical and symbiotic novae. 

In the case of V838 Mon the outburst appears to have occurred in a binary system. 
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which may suggest an analogy with a nova system in which a thermonuclear explosion 
occurs on an accreting white-dwarf companion. However, a broad theoretical exploration^^ 
of the parameter space for thermonuclear runaways on accreting white dwarfs predicts no 
behavior like that of V838 Mon. Evidently, V838 Mon has in the recent past had several 
similar outbursts, which produced the dust envelope that is now being illuminated. These 
previous outbursts appear to rule out one-time catastrophic events such as a stellar collision 
or merger^^, or a common-envelope interaction^^, as the energy source. Now that V838 Mon 
appears to be returning to its quiescent state, further observations of the system may shed 
light on its properties and give insight into possible outburst mechanisms for this mysterious 
and extraordinary object. 
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Table 1. Hubble Space Telescope ACS Wide-Field Channel Observing Log 



UT Date 


HJD 


Days since 


Days since 


ACS filters 


(2002) 




Feb 6.4 


Mar 10.0 


used 


Apr 30 


2452394.7 


82.8 


51.2 


B+pol 


May 20 


2452415.5 


103.6 


72.0 


B+po\, V+pol, I 


Sep 2 


2452520.4 


208.5 


176.9 


B, y+poi, I 


Oct 28 


2452576.0 


264.1 


232.5 


B, V,I 



The Advanced Camera for Surveys' F435W, F606W, and F814W 
filters are denoted B, V, and /, respectively, and "-|-pol" denotes that the 
indicated filter was combined in succession with 0-, 60-, and 120-degree 
polarizers. The time of maximum B luminosity was near 2002 February 
6.4, and the second B peak was near March 10.0. (The lack of HST 
observations between May and September is due to solar avoidance.) 



FIGURE CAPTIONS 



Fig. 1. — Multicolor light curves of the outburst of V838 Mon. Data have been assembled 
by A.H. from observations by himself at the U.S. Naval Observatory, Flagstaff, and from 
amateurs^"^ and other professional observers^'^^"^^. Magnitudes in the standard Johnson blue 
(B), visual (V), and Kron-Cousins near- infrared (/) bands have been converted to flux on 
a linear scale, normahzed to the peak at Hehocentric Juhan Date 2452311. Corresponding 
calendar dates arc shown at the bottom. After an initial rapid rise to 10th magnitude 
and a subsequent gradual decline, V838 Mon abruptly rose another 4 magnitudes in early 
February, reaching a maximum of visual magnitude V — 6.75 on 2002 February 6. After 
another dechne, the star rose to a second peak in early March. Once again there was a 
slow decline after this peak, except in the near-infrared / band, where yet a third peak 
was attained in early April. In late April, V838 Mon dropped quickly back to its original 
quiescent brightness in the blue (B) and V bands; this precipitous drop in brightness has 
been attributed to dust formation above the photosphere^^. The most recent observations 
show some rebrightening in / only. The progenitor object was recorded in archival sky 
surveys^ at visual magnitude 15.6, very similar to its current post-outburst brightness. 
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Fig. 2. — Hubble Space Telescope Advanced Camera for Surveys images of the light echoes. 
The apparently superluminal expansion of the echoes as light from the outburst propagates 
outward into surrounding dust is shown dramatically. Images were taken on (a) 2002 April 
30, (b) May 20, (c) September 2, and (d) October 28. Each frame is 83" x 83"; north is up 
and east to the left. Imaging on April 30 was obtained only in the B filter, but B, V, and 
/ were used on the other three dates, allowing us to make full-color renditions. The time 
evolution of the stellar outburst (Fig. 1) is dramatically reflected by structures visible in the 
color images. In Fig. 2b, for example, note the series of rings and fllamentary structures, 
especially in the upper right quadrant. Close examination shows that each set of rings 
has a sharp, blue outer edge, a dip in intensity as one moves toward the star, and then a 
rebrightening to a redder plateau. Similar perfect replicas of the outburst light curve are 
seen propagating outwards throughout all of the color images. 
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Fig. 3. — Measured and predicted apparent angular expansion rates of rings seen in the light 
echoes. Measurements were done on the pair of S-band images taken on 2002 Apr 30 and 
May 20. A simple edge- finding algorithm was used to mark the locations of the same rings on 
both images at several different azimuths, and their angular expansion rates were calculated. 
Filled circles denote rings that we attribute to illumination from the first light-curve peak, 
and open circles denote rings attributed to the second peak. Measurement errors are only 
slightly larger than the size of the plotted points. Units of expansion are milliarcseconds per 
day, as functions of angular radius in arcseconds. Also shown are the predicted expansion 
rates for light-echo rings seen 62 days (red dashed hues) and 93 days (blue solid hues) after 
outburst, calculated from the equation given in the text. They are functions of distance to 
the star, plotted for the range from 0.5 to 16 kpc, and are apparently superluminal due to 
the parabolic geometry of the illuminated surfaces. The measured angular expansion rates 
imply a strong lower hmit to the stellar distance of 2 kpc. 
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